Abstract
Introduction
Layered nickel-oxide-based active materials have received much recent attention as promising positive electrodes for lithium rechargeable batteries [1] [2] [3] [4] [5] [6] [7] . LiNi 0.8 Co 0.15 Al 0.05 O 2 is the cathode material studied in the Generation 2 cell (18650-size cell) of the US Department of EnergyÕs Advanced Technology Development (ATD) project. Carbon graphite is used as anode and the electrolyte is made of 1.2 M LiPF 6 in EC:EMC (3:7 wt%). However, these cells exhibit loss of electrochemical capacity and power upon long-term cycling and storage. Degradation processes lead to significant impedance rise and capacity fade, particularly for cells that were cycled and/or stored at elevated temperatures. Research on the LiNi 0.8 Co 0.15 Al 0.05 O 2 electrode has shown that cell performance relies more on the cycling properties of the cathode than anode [8] . Therefore, it is important to study and understand the mechanical and chemical failures that may be linked to the loss of capacity and power capability at the cathode. In this work, we track the fate of lithium in the Gen 2 cathodes presenting different rates of power fade (PF) in order to understand better the failure mechanisms of these cells. We have also investigated particle isolation in the cathodes that could possibly lead to cell power fade. Since NMR is sensitive to small variations in the immediate environment of ions such as Li + , 7 Li MAS NMR has been used to elucidate the Li structural and chemical environments in these cathodes.
Experimental
The electrochemical testing of the ATD Gen 2 cells was performed in accordance with the PNGV Battery Test Manual [9] . The cells investigated in this work were cycled at 45°C, at 60% SOC. Capacity fade was determined by C/1 and C/25 capacity tests in the voltage range 3.0-4.1 V. Power fade was characterized by a low-current HPPC test in the same voltage range. The cathodes and anodes were harvested from these cells. They were subsequently used to prepare pouch cells with fresh Gen 2 electrolyte and Celgard 2300 separator. The pouch cells underwent a formation cycle (2 cycles) at the C/25 rate and were charged to various states of charge (SOC) at the same rate. Following the disassembly of these cells, the cathode materials were placed in NMR rotors in a glove box for the 7 Li NMR measurements. The 7 Li MAS NMR spectra were measured at the observed frequency of 25 MHz using a spin Hahn echo sequence (rotor synchronized pulses) and rotational speed of 18 kHz. Li NMR spectra are sensitive to the presence of paramagnetic cations in the local coordination environment of the lithium ions [10, 11] . These paramagnetic cations create spin density at the lithium nucleus which can lead to a large hyperfine shift in the NMR spectra. Co 3+ , Al 3+ and Ni 4+ are diamagnetic, whereas Ni 3+ is paramagnetic. The coupling between the unpaired electron of Ni 3+ and the Li nucleus gives rise to a hyperfine shift, whereas diamagnetic Ni 4+ does not contribute to any hyperfine shift. Therefore, strong modifications of electronic and magnetic properties are expected upon lithium deintercalation, i.e., when the Ni 3+ ions are oxidized. Fig. 2 presents the 7 Li MAS NMR spectra of LiNi 0.8 -Co 0.15 Al 0.05 O 2 cathodes charged to various SOC. In this case, the cathode samples were obtained from a Gen 2 cell presenting 9% of power fade.
Results and discussion
The peak at zero ppm represents the Li bonded to cobalt and aluminum neighbors through the oxygen atoms. This lithium environment is also observed in stoichiometric LiCoO 2 , where no hyperfine interaction is expected for lithium as Co 3+ is diamagnetic [12] . Inactive lithium in the solid electrolyte interphase (SEI) on the surface of the electrode is also likely to contribute to the peak at zero ppm [13, 14] This results in the decrease of the paramagnetic shift of the peak related to nickel neighbors. The 7 Li MAS NMR spectra are extremely sensitive to the number of paramagnetic cations in the local environment of the lithium ions. If some particles in the cathode are electrochemically isolated, then the number of oxidized Ni 3+ ions upon charge will be smaller than in particles non-isolated from the rest of the electrode. The isolated particles will remain uncharged and therefore the connected active material will be charged (and discharged) at a higher effective rate. Raman spectroscopy and current sensing atomic force microscopy (AFM) diagnostic studies of LiNi 0.8 Co 0.15 Al 0.05 O 2 composite cathodes harvested from high-power Li-ion cells showed that the oxide particle SOC on the cathode surface varied strongly with location and that intergranular electronic contact within agglomerates deteriorates during cell cycling [16, 17] . We compared the paramagnetic shift of fresh (0% PF) and cycled (9% and 23% PF) cathodes in function of the SOC of the electrodes, as illustrated in Fig. 3 . The nickel valence, calculated from the FaradayÕs law, is represented on the right axis of the graph. After the formation cycle of the fresh electrode, and therefore loss of active lithium in the SEI, the average nickel valence varies from 3.14 at 0% SOC to 3.8 at 100% SOC. The dotted lines approximately illustrate the average nickel valence in the electrodes presenting 9% and 23% PF. It is clear that the fresh electrode exhibits a wider range of chemical shift compared to the other two electrodes. The difference cannot be attributed to the formation of a SEI layer on the fresh electrode since the NMR measurements were performed after the formation cycle, as described above. At 0% SOC, for the 9% and 23% PF cathodes, some nickel ions are not fully reduced. This indicates that some particles are not fully lithiated. At 100% SOC, all the Ni 3+ ions are not fully oxidized for the cycled cathodes. Therefore, some particles are not fully delithiated.
These results demonstrate particle isolation in the 9% and 23% PF Gen 2 cathodes. Although isolated particles should contain lithium surrounded by nickel at different oxidation states and thus lead to several NMR signals, no additional NMR peaks were observed. In the case of partially isolated particles, Ni 3+ /Ni 4+ electronic hopping could occur thus leading to an averaged NMR signal instead of several new NMR signals [15] . A broad peak was always observed for each SOC of the electrodes. Therefore, we were not able to see any small signals related to the presence of completely isolated particles. Particle isolation is responsible for capacity and power fades since the active material is disconnected from the matrix. Table 1 summarizes the values of both capacity and power fade for the cathodes studied herein. The active material particles disconnected from the system can no longer be charged/discharged leading to a deficiency of active lithium.
Conclusion
In conclusion, we have shown in this work that 7 Li NMR can be a very powerful tool to investigate particle isolation in cathodes of Li ion cells. The causes of particle isolation could arise from surface films and the accumulation of electrolyte decomposition products on the surface of the particles that comprise the electrodes [18] . Furthermore, this isolation mechanism could be responsible for the impedance increase of the cells. Indeed, electrolyte by-products can act as a barrier to Li-ion motion and therefore increase the charge transfer resistance at the electrode/electrolyte interface. Ni valence Fig. 3 . State of charge of fresh and cycled electrodes vs. 7 Li NMR chemical shift. 
